Oxygen extraction (OEF), oxidative metabolism (CMRO 2 ), and blood flow (CBF) in the brain, as well as the coupling between CMRO 2 and CBF due to cerebral autoregulation are fundamental to brain's health. We used a clinically feasible MRI protocol to assess impairments of these parameters in the perfusion territories of stenosed carotid arteries. Twenty-nine patients with unilateral high-grade carotid stenosis and thirty age-matched healthy controls underwent multi-modal MRI scans. Pseudo-continuous arterial spin labeling (pCASL) yielded absolute CBF, whereas multi-parametric quantitative blood oxygenation level dependent (mqBOLD) modeling allowed imaging of relative OEF and CMRO 2 . Both CBF and CMRO 2 were significantly reduced in the stenosed territory compared to the contralateral side, while OEF was evenly distributed across both hemispheres similarly in patients and controls. The CMRO 2 -CBF coupling was significantly different between both hemispheres in patients, i.e. significant interhemispheric flow-metabolism uncoupling was observed in patients compared to controls. Given that CBF and CMRO 2 are intimately linked to brain function in health and disease, the proposed easily applicable MRI protocol of pCASL and mqBOLD imaging might serve as a valuable tool for early diagnosis of potentially harmful cerebral hemodynamic and metabolic states with the final aim to select clinically asymptomatic patients who would benefit from carotid revascularization therapy.
Introduction
Cerebral blood flow (CBF), oxygen consumption (CMRO 2 ), and oxygen extraction fraction (OEF) are all fundamentally important indicators of brain metabolism and function. These hemodynamic and metabolic parameters may be altered in patients with stenoocclusive disease of the internal carotid artery due to a reduction of perfusion pressure in the vasculature distal to the stenosis. 1 Impairments of these cerebral hemodynamic parameters in patients with high-grade carotid stenosis have been shown to predict risk for stroke, 2,3 chronic vascular brain damage 4, 5 and cognitive impairment. [6] [7] [8] Furthermore, the coupling between CMRO 2 and CBF due to cerebral autoregulation plays a vital role to sustain brain homeostasis 9 and might also be impaired in patients with stenosis of the brain supplying arteries. Identifying stenosis patients with dysfunctional cerebral hemodynamics and oxidative metabolism is thus crucial as these impairments are potentially reversible by surgical treatment. [10] [11] [12] Assessing hemodynamic parameters and their coupling to metabolism appears especially important in clinically asymptomatic patients (i.e. without stroke-like symptoms) as only some of them clearly benefit from revascularization procedures in comparison to best medical treatment alone. 13 Therefore, reliable quantification of cerebral perfusion and oxygen metabolism is needed for selecting patients without obvious neurological symptoms but harmful perfusion states to prevent further brain damage and stroke.
Current techniques for assessing CBF, OEF, CMRO 2 and flow-metabolism coupling include positron emission tomography ( 15 O-PET) and MRI-based techniques. Current gold standard is PET, because it provides estimates of CBF, OEF, and CMRO 2 from 15 O-PET, but for quantitative assessment, an additional measure of cerebral blood volume (CBV) is also needed. 14 However, clinical applicability of PET is fairly limited due to its high complexity, invasiveness, cost, restricted availability, low spatial resolution, and radiation exposure. To overcome these limitations, non-invasive MRI-based techniques such as arterial spin labeling (ASL) and calibrated blood oxygenation level dependent (BOLD) imaging methods combined with hyperoxic and hypercapnic breathing challenges have been suggested to estimate hemodynamic and metabolic parameters. 15 Disadvantages of calibrated BOLD techniques are the limited availability of gas control systems, high expenditure as well as discomfort during carbon dioxide applications in some patients and consequently high drop-out rates of patients from studies. A more tolerable and easy to implement MRI protocol relies on quantification of the BOLD effect. [16] [17] [18] [19] Multi-parametric quantitative BOLD (mqBOLD) imaging relies on separate measurements of transverse relaxation times (T2, T2*) and dynamic susceptibility contrast (DSC)-based CBV to detect regional changes in the relation between oxygenated and deoxygenated hemoglobin. 20, 21 Thus mqBOLD imaging together with CBF from pseudo-continuous arterial spin labeling (pCASL) allows for the calculation of semi-quantitative OEF and CMRO 2 maps. [21] [22] [23] We hypothesized that stenosis-related hemodynamic impairments in unilateral, clinically asymptomatic patients will induce asymmetric changes of hemodynamics and oxidative metabolism as well as interhemispheric flow-metabolism coupling. Therefore, in this study, we compared respective parameters and flow-metabolism coupling between cerebral territories of the affected and unaffected carotid arteries as well as between the right and left hemisphere in controls. The current study uses an easily applicable MRI protocol including pCASL and mqBOLD imaging in patients with clinically asymptomatic, unilateral high-grade carotid stenosis and healthy controls.
Materials and methods

Participants
A total of 30 healthy elderly (17 females, mean of age 70.3 AE 4.8 years) and 29 patients (9 females, mean age 70.3 AE 7.0 years) with an asymptomatic, one-sided highgrade extracranial carotid artery stenosis (confirmed by duplex ultrasonography; all > 70% according to the NASCET criteria 24 ) participated in this prospective study. The study was approved by the medical ethical board of the Klinikum rechts der Isar, in line with Human Research Committee guidelines of Technische Universita¨t Mü nchen. All participants provided informed consent in accordance with the standard protocol approvals. Patients were recruited in the outpatient clinic for carotid stenoses of the Department of Vascular and Endovascular Surgery and Angiology of the Klinikum rechts der Isar, Technische Universita¨t Mu¨nchen, and healthy participants by word-of-mouth advertisement. Examination of every participant included medical history, basic screening for neurological and psychiatric diseases, and an MRI scan. Exclusion criteria for entry into the study were any neurological, psychiatric, or systemic diseases, clinically remarkable structural MRI (e.g. territorial stroke lesions, bleedings, or a history of brain surgery), visual impairments, severe chronic kidney disease, and MRI contraindications.
Concerning the final sample contributing to results, 6 patients and 6 healthy controls had to be excluded due to severe imaging artifacts in at least one MRI modality (by JG, SK, and CP in consensus) resulting in all analyses being conducted on 23 patients and 24 healthy participants. Table 1 reports sample characteristics in those including co-morbidities with particular focus on cerebro-vascular diseases.
Imaging data acquisition
Scanning was performed on a clinical 3T Philips Ingenia MR-Scanner (Philips Healthcare, Best, The Netherlands) using a 16-channel head/neck-receivecoil. The protocol included structural MRI (MP-RAGE and FLAIR), pCASL to assess CBF, mqBOLD imaging with T2*-and T2-mapping to obtain R2 0 (¼ 1 T2 Ã À 1 T2 ) and DSC MRI to generate relative CBV (rCBV) maps. Additionally, a contrast enhanced magnetic resonance angiography (MRA) of the neck and the aortic arch vessels was performed. None of the healthy elderly showed relevant stenoses of the brain supplying arteries according to MRA.
The MRI scanning parameters were as follows: pCASL. All parameters were set according to the recommendations of the ISMRM perfusion study group. 25 The labeling plane was individually planned on the basis of a phase contrast angiography (PCA) of the neck to ensure perpendicular labeling of a straight segment of both internal carotid arteries at least 2 cm distal to the stenosis. Label duration 1800 ms; post label delay 2000 ms; segmented 3D GRASE readout; four background-suppression pulses and proton density weighted (PDw) scan for normalization; TR/TE/a ¼ 4377 ms/ 7.4 ms/90 ; 16 slices; 3 dynamics; acquisition voxel size: 2.75 Â 2.75 Â 6.0 mm 3 (reconstructed voxel size 2.73 Â 2.86 Â 6.0 mm 3 ), TSE factor 19, EPI factor 7, acquisition time 5 min 41 s. A signal reduction of 25% was assumed due to four background-suppression pulses. 26, 27 mqBOLD imaging. All parameters were set as described previously. 21 T2*-mapping: multi-echo-GRE, 12 echoes, TE min ¼ ÁTE ¼ 5 ms, TR ¼ 1950 ms, a ¼ 30 , voxel size 2 Â 2Â3 mm 3 , 30 slices using an exponential excitation pulse for correction of magnetic background gradients 28, 29 and duplicate acquisition of k-space center to facilitate motion correction. 30 T2-mapping: multi-echo-GraSE, 8 echoes, TE min ¼ ÁTE ¼ 16ms, TR ¼ 8971 ms, voxel size 2 Â 2Â3 mm 3 , 30 slices.
DSC MRI. DSC data were obtained during a bolus injection of a weight-adjusted Gd-DOTA bolus (concentration: 0.5 mmol/ml, dose: 0.1 mmol/kg, at least 7.5 mmol per subject, flow rate: 4 ml/s, injection 7.5 s after DSC imaging started) using single-shot GE-EPI, 
Imaging data preprocessing and calculation of parameter maps
For all processing procedures, we used custom MATLAB programs (MATLAB R2014a, MathWorks, Natick, MA, USA) and SPM12 (Wellcome Trust Centre for Neuroimaging, UCL, London, UK).
rCBV maps. DSC data were filtered using a 3D Gaussian spatiotemporal filter-kernel of 3-mm full width at half maximum (FWHM) with time as the third dimension. All rCBV maps were calculated using integration of ÁR2*-curves (i.e., R2* ¼ 1/T2*) and normalization of the mean white matter CBV to 2.5% as described previously. 21, 31 CBF maps. Label and control images were motion corrected, averaged, subtracted and normalized by a PDwimage. 25 Resulting CBF maps were smoothed by an FWHM 3D Gaussian kernel of 5 mm.
Before analyzing CBF maps for perfusion lateralization, they were controlled for arterial transit time (ATT) artifacts, i.e. artifacts that occur when most of the labeled blood has not yet reached the capillary bed at the time point of signal read-out. This was conducted in two steps: First, unsmoothed CBF maps were visually inspected by an experienced neuroradiologist (JG), who screened for significant signal increases in precapillary arterioles and for signal drop-outs, especially in typical watershed areas. None of the CBF-maps had evidence of ATT artifacts. Second, to quantify contributions of ATT artifacts to the perfusion signal, the spatial coefficient of variation of the unsmoothed CBF-maps was analyzed. This measure was found to correlate with ATT artifacts and can therefore be used as an indicator for this kind of artifact. 32 The coefficients of variation were compared both between hemispheres and between groups. Spatial covariance was not significantly different between groups (mean patients/controls: 38 Relative OEF and CMRO 2 maps. T2 and T2* maps were smoothed using a 3D Gaussian filter-kernel of 3 mm FWHM and transverse susceptibility-related relaxation rate maps (R2 0 ) were calculated. Note that R2 0 represents the reversible susceptibility-weighted relaxation component (e.g. static magnetic field inhomogeneity, slow diffusion regime) that is given by the difference of relaxation rates of gradient echo and spin echo (R2 0 ¼ 1 T2 Ã À 1 T2 ). 33, 34 In calibrated fMRI, the product of R2 0 with TE describes the parameter M (i.e. maximal BOLD signal), whereas in mqBOLD imaging, R2 0 leads to estimation of relative OEF (rOEF) according to Hirsch et al. 21 rOEF ¼ R2
with proton gyromagnetic ratio (g ¼ 2.675Â10 8 s À1 T À1 ), susceptibility difference between fully oxygenated and deoxygenated blood (Áv ¼ 0.924Â10 À7 ), and magnetic field strength (B 0 ¼ 3T). Relative CMRO 2 (rCMRO 2 ) was then derived via
with the arterial oxygen content C a ¼ 19 ml O 2 100 ml blood according to An et al. 35 
Data analysis
All maps were normalized to Montreal Neurological Institute (MNI) standard space using SPM12. We excluded frontobasal and temporopolar regions (i.e. gray matter regions 11, 20, 25, 30, 34, 36, 38; see Table S1 ) because of susceptibility artifacts especially in T2* and rCBV parameter maps and the basal ganglia (regions 47-55) due to known iron deposits in these regions.
To validate pCASL-derived absolute CBF in the remaining gray matter regions, we compared values from 9 young healthy subjects (mean age 25.8 AE 3.2 years, 4 female) to CBF values assessed by 15 O-water-PET in 13 young male subjects (26.1 AE 3.8 years) from another study 36 across the same regions. To this end, mean CBF values were extracted within these regions in each hemisphere's anterior circulation using vascular territory maps of the anterior and middle cerebral arteries (Figure 2(a) ). 37 Maps of CBF, rOEF and rCMRO 2 from patients were flipped along the midsagittal plane so that all hemispheres ipsilateral to the stenosis (i.e. affected side) were located on the same side and could be compared to the contralateral side (which was assumed to be the unaffected side). In controls, we compared the right versus the left hemisphere.
To estimate the relation between rCMRO 2 and CBF for each hemisphere and to compare these individual relations between hemispheres, we linearly fitted the respective mean rCMRO 2 versus CBF values across (Table S1 ). Comparison of mean CBF from pCASL (black bars) and PET (white bars) shows good correspondence of absolute values except for region 17 (visual cortex). This discrepancy between 15 O-water-PET and pCASL in visual cortex has been reported. 38 *Two-sample t-test: p < 0.05.
regions in each hemisphere of each participant by applying the polynomial curve fitting function ('polyfit') in MATLAB. Individual ratios of the fitting curves' slopes were calculated by dividing the right by the left side's slope in controls and the affected by the unaffected hemisphere's slope in patients, respectively. In the following, this ratio is referred to as 'interhemispheric rCMRO 2 -CBF coupling'.
MATLAB's 'statistics and machine learning toolbox' and SPSS (SPSS Inc., Chicago, Illinois, version 24.0) were used for statistical analyses. Generally, p-values 0.05 were considered statistically significant.
Results
To validate the applied pCASL sequence across different brain regions, we compared absolute CBF values derived from pCASL in 9 young subjects to CBF values derived from 15 O-water-PET in 13 other young healthy subjects across gray matter regions. CBF values of both modalities showed good agreement except for the visual cortex (area 17), where pCASL yielded significantly lower values (two sample t-test: p ¼ 0.011, Figure 1 ). The discrepancy between 15 O-water-PET and pCASL in visual cortex, which lies mainly in the territory of the posterior cerebral artery, has also been reported by others. 38 This suggests that CBF measures derived by the applied pCASL are reliable in the investigated gray matter regions within the anterior circulation ( Figure  2(a) ).
Within the validated anterior circulation regions, we compared absolute values of R2 0 , rCBV, rOEF, CBF and rCMRO 2 (Figure 2(b) ), which did not differ between patients and elderly controls on a global scale ( Table 2 ). However, patients showed significantly reduced CBF and rCMRO 2 values in the territory of the stenosed carotid artery compared to the contralateral territory (paired t-test: each p < 0.001; Figures 3  and 4) . rOEF values did not differ significantly between the affected and unaffected side (Figures 3 and 4) , indicating that rCMRO 2 reductions on the side of the stenosis were mainly driven by CBF reductions.
To further investigate imbalances of interhemispheric flow-metabolism coupling, we calculated the slopes of mean rCMRO 2 versus mean CBF across regions for each hemisphere in each individual subject (Figure 5(a) and (b) ). The mean slope in the affected/ unaffected hemispheres in patients was 0.11 AE 0.04/ 0.09 AE 0.04 ([ml O 2 /ml blood], paired t-test: p ¼ 0.023); in controls, the mean slope in the right/left hemisphere was 0.11 AE 0.04/0.11 AE 0.04 (paired t-test: p ¼ 0.611). Individual interhemispheric coupling ratios were different between patients and controls, clearly deviating from unity in patients (meanAESD ratio of slopes in patients/controls: 1.36 AE 0.65/1.02 AE 0.40, two-sample t-test: p ¼ 0.04, Figure 5 (c)). These findings indicate imbalances of metabolic and perfusion coupling between hemispheres in unilateral carotid stenosis patients with alterations especially on the presumably unaffected side.
Discussion
To investigate hemodynamic and oxidative metabolic changes as well as alterations of flow-metabolism coupling due to unilateral high-grade carotid stenoses in clinically asymptomatic patients, we examined patients and healthy controls by an easily applicable MRI protocol including pCASL and mqBOLD imaging to estimate rCBV, rOEF, CBF, and rCMRO 2 . We found relative reductions of CBF and rCMRO 2 in the affected versus the unaffected perfusion territories of the carotid arteries in patients, whereas rCBV and rOEF were unchanged. Critically, interhemispheric rCMRO 2 -CBF coupling was disrupted in individual patients. These results provide first evidence that high-grade carotid stenoses produce subtle but measurable effects on ipsilateral blood flow, oxidative metabolism and their coupling, even in patients without obvious neurological symptoms. The fact that these interhemispheric rCMRO 2 -CBF coupling ratios are measurable by MRI bears promise for future clinical application.
We revealed relative reductions of CBF and rCMRO 2 in the carotid territories on the side of the stenosis compared to the unaffected side in patients, while R2 0 , rCBV and consequently rOEF (see equation (1)) remained stable between hemispheres (Figure 3 ). This finding is in line with a previous study using the mqBOLD approach in patients with severe intracranial artery stenosis demonstrating ipsilateral CBF and CMRO 2 reductions, while oxygen saturation remained presumably unchanged. 22 OEF increases have been reported when CBF drops below 50% in the affected side compared to the opposite side, 39 which was not observed in our patient cohort (maximum relative decrease 11.6%, meanAESD ¼ 7.6 AE 3.3%). Given stable rOEF across hemispheres, the rCMRO 2 decrease on the affected side was mainly driven by CBF reductions (see equation (2)). However, absolute global values of CBF and rCMRO 2 did not differ between groups (Table 2) , which has also been reported by others, 40 suggesting that reductions of perfusion and metabolism due to the stenosis are subtle and were evident only when comparing hemispheres within individual patients.
To further investigate the relationship of altered CBF and rCMRO 2 in patients, we estimated the mean rCMRO 2 -CBF coupling for each hemisphere by fitting the respective parameters across different brain regions, i.e. the validated gray matter regions in the anterior circulation territory. We assessed asymmetry effects induced by unilateral carotid stenoses on rCMRO 2 -CBF coupling by calculating the ratio of the fitting curve slopes in the affected versus the unaffected sides in patients and the right versus the left sides in controls, respectively. Interhemispheric ratios in patients compared to controls clearly deviated from unity (meanAESD ratio of slopes in patients/controls: 1.36 AE 0.65/1.02 AE 0.40, Figure 5(c) ), suggesting that high-grade stenosis not only causes absolute decreases of blood flow and oxidative metabolism but also induces asymmetric changes of their coupling at baseline. Importantly, the individual coupling slopes in carotid stenosis patients were significantly reduced in the supposedly unaffected hemisphere when compared to the affected hemisphere, the latter of which did not significantly differ from coupling slopes in healthy controls. This finding indicates that one-sided high-grade carotid stenosis leads to complex alterations of the cerebral autoregulation mechanism that might also involve the contralateral hemisphere, e.g. by shifting of blood flow from one brain hemisphere to the other via the circle of Willis, referred to as steal phenomenon. 41 Several activation studies using calibrated fMRI compared evoked changes in blood flow and oxygen metabolism (ÁCBF/ÁCMRO 2 ) and found that CBF and CMRO 2 change in a near-stoichiometric manner over a wide dynamic range of activity, 42, 43 which can be explained by an effective diffusivity of oxygen that varies with perfusion. 44 The fact that blood flow mainly regulates oxygen supply underlines the importance of an intact flow-metabolism coupling for normal brain function. Flow-metabolism coupling has been shown to be region and age dependent 45 and to be impaired in diseases such as traumatic brain injury, ischemic stroke, hypertension, and Alzheimer's disease. [46] [47] [48] Asymmetries between hemispheres of such coupling -as we found here in unilateral carotid stenosive disease -might therefore be an indicator of impaired autoregulation processes comprising mechanisms, utilizing mediators such as nitric oxide, astrocytes, and ion channels. Flow-metabolism uncoupling might therefore result in an inability to regulate oxygen delivery in relation to the oxidative metabolic requirements of the nerve cells and ultimately lead to mitochondrial dysfunction and oxidative stress, neuronal death, and brain tissue atrophy. 47, 49 Restoration of normal flow-metabolism coupling might consequently provide a potential therapeutic target to prevent further brain damage.
There are hints that the harmful effects of chronic hypoperfusion and hypoxemia can cause brain damage and cognitive impairments. Confluent as compared to punctate leukoaraiosis is associated with cerebral hypoperfusion. 4 Confluent white matter lesions are specifically linked with cognitive symptoms as reduced mental processing speed and memory performance. [6] [7] [8] These findings suggest that chronic cerebral hypoperfusion is critical for brain damage ultimately leading to cognitive decline. And indeed, there is increasing evidence that suggest stenosis-associated impaired hemodynamics are relevant for cognition. [50] [51] [52] Several studies investigated the effect of interventions in carotid stenosis patients on cognition with controversial results. Some report improvement of cognitive function, 53-60 others did not find any or even adverse effects. [61] [62] [63] However, studies investigating therapeutic effects in patients stratified into risk groups for future stroke and cognitive impairment according to their cerebral hemodynamics are sorely missing. A thorough cerebral hemodynamic assessment -as we proposed here -including rOEF, CBF, rCMRO 2 as well as rCMRO 2 -CBF coupling might provide additional biomarkers of brain health to evaluate the risk for future events and cognitive decline. However, whether the relative reductions of CBF and rCMRO 2 on the side of the stenosis as well as an interhemispheric rCMRO 2 -CBF uncoupling, as we revealed here, cause structural or cognitive impairments and could therefore serve as valuable biomarkers to select patients for carotid revascularization needs to be elucidated in future studies. This study has several strengths, but also some limitations. A clear strength is the simultaneous multi-parametric assessment of cerebral perfusion and oxygenation parameters in one-sided extracranial carotid stenosis, which allows the evaluation of specific stenosis-related hemodynamic effects within subjects. A limitation, however, is that the pCASL-derived CBF might also be reduced due to an increased ATT on the side of the stenosis. To minimize this effect, we used several strategies. We applied a relatively long post-label delay and visually checked for typical ATT artifacts. Furthermore, we found no side difference in the spatial covariance of CBF signal, which has been shown to be an indicator for ATT artifacts. 32 Furthermore, as labeling efficiency is dependent on flow velocity, which can be increased distal to a stenosis, label efficiency might be reduced. To prevent this, a PCA survey was used to position the labeling plane at least 20 mm cranial to the stenosis, where mean flow velocity is not supposed to be significantly increased. 64 Morevoer, there is a high variability of carotid perfusion territories due to anatomical variants of the Circle of Willis and also recruitment of collaterals due to stenosis-associated reduced perfusion pressure. The applied masks of the anterior circulation according to Tatu et al. 37 can therefore just serve as an approximation of the individual perfusion territory and does not account for individual vascular territory variations or shifts. Finally, the basal ganglia as well as frontobasal and anterior temporal regions within the anterior circulation are prone to susceptibility artifacts interfering with MRI-derived parameter maps based on T2*-weighted imaging such as mqBOLD and pCASL. Therefore, we excluded these regions and validated pCASL-derived CBF values in younger subjects by 15 O-water-PET in the remaining gray matter regions of the anterior circulation. Both pCASL-and PETderived CBF values showed high correspondence except for area 17, where pCASL yielded lower CBF, which has also been observed by others. 38 However, only small parts of area 17 lie within the applied anterior circulation mask and therefore this systematic error only marginally impacts our results.
Conclusion
We found that CBF and rCMRO 2 on the side of the stenosis were reduced compared to the contralateral side, whereas rCMRO 2 -CBF coupling significantly differed between the both hemispheres in patients. Given that CBF and CMRO 2 as well as their coupling are intimately linked to brain metabolism and function in health and disease, the proposed easily applicable MRI protocol including mqBOLD, DSC, and pCASL might serve as a valuable tool to select patients, who may Figure 5 . Interhemispheric flow-metabolism coupling. Comparison of rCMRO 2 -CBF coupling across gray matter areas in the left (red) and right (blue) hemispheres in (a) two exemplary controls and (b) two representative patients. In (a), the rCMRO 2 -CBF coupling values in controls are shown for the left and right hemispheres, with red and blue circles, respectively. In (b), the rCMRO 2 -CBF coupling values in patients are shown for the affected (i.e. ipsilateral to the stenosis which is the right hemisphere) and unaffected hemispheres (i.e. contralateral to the stenosis which is the left hemisphere), with blue and red circles, respectively. Note that the slope ratios of the linear fitting curves for the rCMRO 2 -CBF coupling in each hemisphere differ more in patients (2.05 and 2.82, which correspond to 38% difference between the two patients) compared to the control subjects (0.92 and 1.01, which correspond to 10% difference between the two subjects). (c) The individual rCMRO 2 -CBF couplings (i.e. ratios between the fitting slopes shown in (a) and (b)) were significantly different between controls and patients (two-sample t-test: p ¼ 0.04).
